Defects in the biogenesis of the spindle pole body (SPB), the yeast centrosome equivalent, can lead to monopolar spindles and mitotic catastrophe. The KASH domain protein Kms2 and the SUN domain protein Sad1 colocalize within the nuclear envelope at the site of SPB attachment during interphase and at the spindle poles during mitosis in Schizosaccharomyces pombe. We show that Kms2 interacts with the essential SPB components Cut12 and Pcp1 and the Polo kinase Plo1. Depletion of Kms2 delays mitotic entry and leads to defects in the insertion of the SPB into the nuclear envelope, disrupting stable bipolar spindle formation. These effects are mediated in part by a delay in the recruitment of Plo1 to the SPB at mitotic entry. Plo1 activity supports mitotic SPB remodeling by driving a burst of incorporation of Cut12 and Pcp1. Thus, a fission yeast SUN-KASH complex plays an important role in supporting the remodeling of the SPB at mitotic entry.
INTRODUCTION
In eukaryotic cells, the activity of the cyclin-dependent kinase Cdk1 (also known as Cdc2, Cdc28 or mitosis-promoting factor) determines the timing of mitotic entry and cell division (Nurse, 1990) . Cdk1 activity and the transition from G2 to M phase are tightly controlled by the antagonistic activities of the Wee1 kinase and Cdc25 phosphatase (Nurse, 1990) . In response to physiological cues, such as appropriate cell mass and nutrient availability, the inhibitory phosphorylation of Cdk1 (catalyzed by Wee1) is removed by Cdc25; Cdc25 is further activated by Cdk1 phosphorylation (Decottignies et al., 2001; Gould et al., 1991; Gould and Nurse, 1989; Russell and Nurse, 1986; Strausfeld et al., 1991) . The highly conserved serine/threonine Polo-like kinases (Plks) reinforce this positive-feedback loop by activating Cdc25 and inhibiting Wee1 (Barr et al., 2004; Llamazares et al., 1991; Lowery et al., 2005) . This robust signaling network is coordinated in space as well as time, with the Cdk1 feedback mechanism occurring primarily at the centrosome (Jackman et al., 2003) . In Schizosaccharomyces pombe, regulation of mitotic entry is also linked to components of the centrosome equivalent, the spindle pole body (SPB) (Bridge et al., 1998; Grallert et al., 2013a; Grallert et al., 2013b; MacIver et al., 2003; Mulvihill et al., 1999; Tallada et al., 2007; Tallada et al., 2009 ).
The centrosome is composed of a pair of centrioles and a surrounding cloud of electron-dense pericentriolar material (PCM; Bettencourt-Dias and Glover, 2007) . The PCM anchors and nucleates interphase and spindle microtubules (Mennella et al., 2012; Moritz et al., 1995; Ou and Rattner, 2004) . During centrosome maturation in late G2, the PCM expands in size and recruits additional c-tubulin ring complex (cTuRC) to support robust mitotic spindle assembly (Decker et al., 2011; Palazzo et al., 2000) . The recruitment and incorporation of cTuRC is achieved by several PCM proteins, among them the large coiledcoil protein pericentrin (Dictenberg et al., 1998; Doxsey et al., 1994) . Pericentrin is required for centrosome maturation, as its depletion leads to monopolar spindles and perturbed PCM assembly (Zimmerman et al., 2004) . Phosphorylation of PCM components occurs concomitant with centrosome maturation, thus coupling changes in its physical state to cell cycle kinase activity (Barr et al., 2004; Glover et al., 1998) . Quantitative proteomics of isolated mitotic spindles has identified pericentrin and other PCM components as Plk1 substrates; phosphorylation of pericentrin by Plk1 is required for proper spindle formation and centrosomal microtubule nucleation in HeLa cells (Lee and Rhee, 2011; Santamaria et al., 2011) .
In S. pombe, the electron-dense material equivalent to the PCM, including the pericentrin homolog, Pcp1 (Flory et al., 2002) , resides close to the outer nuclear membrane, with an additional enrichment of nuclear c-tubulin underneath the apposed inner nuclear membrane . Late in G2, the sole Polo-like kinase, Plo1, is recruited to the SPB, in part through its interaction with Pcp1 and the SPB component Cut12, where it helps to drive mitotic entry (Bähler et al., 1998a; Fong et al., 2010; Grallert et al., 2013b; MacIver et al., 2003; Mulvihill et al., 1999) . As the cell enters 'closed' mitosis, cytoplasmic microtubules depolymerize and the nuclear envelope opens to form fenestrae to allow for the insertion of the mother and daughter SPBs . Pcp1, Cut12 and Plo1 are required for bipolar spindle formation and mitotic progression (Bridge et al., 1998; Flory et al., 2002; Ohkura et al., 1995) . When mitosis is complete, the SPBs are extruded back into the cytoplasm .
Little is known about how Pcp1 and other components of the SPB are tethered to (and coordinated across) the nuclear envelope in S. pombe. In other model systems, the centrosome is tethered to the nuclear envelope by KASH (Klarsicht, Anc1, SYNE1 homology) domain proteins integrated into the outer nuclear membrane either directly or indirectly through microtubules and the associated motors dynein and kinesin (Fan and Ready, 1997; pombe genome encodes two KASH proteins, Kms1 and Kms2, and one SUN protein, Sad1 (Hagan and Yanagida, 1995; Miki et al., 2004; Shimanuki et al., 1997) . Kms1 and Kms2 are strong candidates for mediating the association of the SPB with the outer nuclear membrane, thereby coupling the SPB to the nuclear interior through interactions with Sad1. Sad1 is also required for normal SPB function in mitosis, although its molecular function is not explicitly known (Hagan and Yanagida, 1995) ; alleles of the budding yeast SUN protein Mps3 lead to defects in SPB duplication or insertion of the SPB into the nuclear envelope (Friederichs et al., 2011; Jaspersen et al., 2002) .
Here, we investigate the contribution of the KASH protein Kms2 to SPB function. We find that Kms2 supports timely mitotic onset and stable formation of the bipolar spindle, in part by supporting insertion of the SPBs into the nuclear envelope. Furthermore, Kms2 interacts with Pcp1, Cut12 and Plo1. Plo1 is required for the phosphorylation of Pcp1 at mitotic onset and its daughter-specific incorporation into the SPB. Depletion of Kms2 affects the efficiency of SPB remodeling at mitotic entry, suggesting that Kms2 helps to coordinate SPB remodeling with the cell cycle.
RESULTS

Kms2 colocalizes with Sad1 and the SPB throughout the cell cycle
As observed previously, GFP-Kms2 colocalizes with the SUN domain protein Sad1 during interphase, oscillating along the nuclear envelope in concert with the SPB as it is pushed by microtubules ( Fig. 1A ; King et al., 2008) . We also find that Sad1 and Kms2 remain constitutively associated with the SPB during the closed mitosis of S. pombe; at each mitosis the SPB goes through a cycle of insertion at mitotic entry and extrusion during anaphase B, ( Fig. 1A ; supplementary material Fig. S1 ; Ding et al., 1997) .
Kms2 is essential after germination
Kms2 is reported to be an essential gene (Kim et al., 2010) . Thus, in order to better understand the impact of loss of Kms2 function(s), we designed a knockdown allele of Kms2 (kms2 DAmP); kms2 DAmP was generated by both replacing the kms2 promoter with the nmt81 thiamine-repressible promoter and eliminating the 39 UTR (Fig. 1B) . After 16 h of growth in the presence of thiamine, we could no longer detect GFP-Kms2 by fluorescence microscopy (Fig. 1B,C) or by immunoblotting (supplementary material Fig. S2A) . Surprisingly, we did not detect a growth defect even when GFP-Kms2 could no longer be detected (see also Fig. 1G ). Furthermore, we were able to create gene disruptants of kms2 in vegetatively growing haploid cells, consistent with a previous study (Tamm et al., 2011) . Interestingly, backcrossing a kms2-ATG::ura4 + haploid strain, in which the ura4 cassette is integrated after the start codon, leading to gene disruption, gave rise to tetrads with normal:absent colonies at a ratio of 2:2 -all viable colonies were uracil auxotrophs (Fig. 1D) . Upon closer inspection, some kms2-ATG::ura4 + disruptants do form microcolonies, which appear to arrest with very long cells, suggesting possible mitotic arrest (Fig. 1D, insets) . Thus, we conclude that loss of Kms2 has its greatest impact during early cell divisions after germination from spores, whereas it is largely dispensable during vegetative growth.
Kms2 supports timely mitotic onset
Repression of Kms2 led to an increase in cell length, indicative of a cell cycle delay at the G2 to M phase transition (Fig. 1E,F) .
Combining the kms2 DAmP allele with the cdc25-22 allele (Nurse et al., 1976) , which disrupts the dephosphorylation and activation of Cdc2/Cdk1, caused a significant increase in cell length compared with that observed in cells carrying single-mutant alleles (Fig. 1F) . Strikingly, the combination of the kms2 DAmP and cdc25-22 alleles was synthetically lethal at 34˚C (Fig. 1G) . These observations suggest a role for Kms2 in promoting mitotic entry.
Kms2 contributes to stable bipolar spindle formation
Mitotic entry is linked to the activation and insertion of the SPBs into the nuclear envelope to support spindle formation. To test whether spindle formation is affected by the kms2 DAmP allele, we monitored SPB position (marked by Sad1-mCherry) and mitotic spindle formation and stabilization (marked by a2-tubulin, GFP-Atb2) in live cells progressing through mitosis. Wild-type cells formed bipolar spindles that grew to the cell poles after the anaphase A to anaphase B transition ( Fig. 2A,B) . By contrast, kms2 DAmP cells often displayed spindle stabilization problems (SSP; Fig. 2A ,B), which were sometimes so severe as to lead to persistent monopolar spindles (MPS; Fig. 2A ,B; supplementary material Fig. S2B ). In order to further understand the events leading to the spindle defects, we investigated the timing of SPB separation, which coincides with the initiation of bipolar spindle formation. In normal mitoses, spindle assembly follows immediately after the depolymerization of the cytoplasmic microtubule array. As in cells harboring a temperature-sensitive allele of Cut12 (cut12.1) or Cut11 (cut11.1), we see a 'nucleation delay' between the loss of cytoplasmic microtubules and SPB separation ( Fig. 2C ; supplementary material Fig. S2C ; Tallada et al., 2009 ). This delay also corresponds to a period in which a-tubulin appears diffusely nucleoplasmic (supplementary material Fig. S2C , kms2 DAmP panel, time-points 0-4). These results suggest a possible delay in the insertion and/or activation of the SPBs.
In kms2 DAmP cells that successfully separated SPBs, additional defects in spindle stabilization arose. In the population of kms2 DAmP cells that successfully completed mitosis, the average time from SPB separation to anaphase B was significantly longer than in wild-type cells (Fig. 2D) . The nature of the SSP phenotype in kms2 DAmP cells was further revealed by plotting spindle length over time for individual mitoses that ultimately progressed through anaphase B ( Fig. 2E ; supplementary material Fig. S2B for examples) . In wild-type cells (blue lines), a short spindle of ,3 mm forms within 8 min after SPB separation, with the anaphase A to anaphase B transition clearly visible as the inflection point when the spindle begins to grow linearly. Although some kms2 DAmP traces appear indistinguishable from those of wild-type cells, several alterations of the normal timing and progression of spindle growth are clear. First, in a population of cells there was a delay in the formation of the short spindle, which sometimes remains smaller at the anaphase A to anaphase B transition than in wild-type cells (Fig. 2E, trace 1) . Second, another population of cells appeared to be delayed after the formation of the short spindle, suggesting a possible delay in chromosome biorientation (Fig. 2E, trace 2) . Finally, in some cells, the spindle went through periods of growth and collapse before anaphase B (Fig. 2E, traces 3 and 4) . We suspect that most of the cells with the MPS phenotype underwent a permanent collapse of the spindle, as there are often two Sad1 foci visible in these cells, suggesting that SPB separation did occur at some stage ( Fig. 2A, MPS panel) . The instability of bipolar spindle formation in the absence of Kms2 raises the possibility that chromosome segregation could also be compromised. Indeed, kms2 DAmP cells display higher rates of minichromosome loss (2.6360.43% per cell division; mean6s.d.) than wild-type cells (0.7960.15% per cell division). Taken together, these observations suggest that Kms2 supports stable bipolar spindle formation and faithful chromosome segregation. Another striking phenotype of kms2 DAmP cells is an increase in the number of Sad1 foci in some cells ( Fig. 2A, MPS panel, arrows) . These foci remained associated with the nuclear envelope, as visualized by the expression of Cut11-GFP (Fig. 2F, arrows) .
kms2 DAmP cells display slowed and defective SPB insertion into the nuclear envelope Cut11, the S. pombe homolog of the budding yeast and mammalian Ndc1, is a constitutive component of the nuclear pore complex and also transiently associates with the SPB during mitosis (West et al., 1998) . Interestingly, in Saccharomyces cerevisiae, Ndc1 is constitutively associated with the SPB, which remains inserted into the nuclear envelope throughout the cell cycle (Byers and Goetsch, 1974; Chial et al., 1998) . These observations are consistent with a model in which Cut11 associates with the SPB specifically when it is inserted in the nuclear envelope. We quantitatively measured the timing of Cut11 association with the SPB in wild-type cells. As shown in Fig. 3A ,B, Cut11-GFP becomes colocalized with Sad1-mCherry ,3 min before SPB separation (3.360.7 min, n.20 cells; mean6s.d.) and remains associated until the anaphase A to anaphase B transition (Fig. 3D, t510 , wild-type panel), when it has been reported that the SPB begins to be extruded back to the cytoplasm with microtubules passing through the nuclear envelope . In kms2 DAmP cells, the duration of Cut11 recruitment to the SPB is lengthened (Fig. 3A-C) , consistent with a potential defect in SPB insertion. In addition, upon spindle collapse in kms2 DAmP cells (Fig. 3D , between time-points 8 and 10), we sometimes observed large deformation of the nuclear envelope (time-points 10-14, arrows), which could be driven by disorganized microtubule polymerization (supplemental material Fig. S2B ). This nuclear envelope defect appears to persist and is still apparent when the cell finally progresses into anaphase B (time-points 26-28, arrows). We observe such large deformations of the nucleus in about a fifth of kms2 DAmP mitoses (1861%, n5163 cells; never seen in .200 wild-type cells).
To further examine potential defects in SPB insertion and nuclear envelope structure, we used electron microscopy to investigate the phenotype(s) in kms2 DAmP cells. We did not observe overt defects in SPB appearance in interphase cells (supplementary material Fig. S2D ,E). However, in cells that had two separated SPBs but had not entered anaphase, we observed two types of defects in SPB insertion, sometimes in the same cell ( Fig. 3E-G) . First, we observed examples in which the mitotic SPB appeared to have fallen into the nuclear interior, leaving an open fenestra in the nuclear envelope ( Fig. 3E,F ; SPB1). By contrast, the second SPB in the same nucleus failed to stably insert into the nuclear envelope and was instead found slightly askew in the cytoplasm near to an open fenestra ( Fig. 3E ,G; SPB2). Thus, although it appeared that the remodeling of the nuclear envelope occurred to facilitate SPB insertion (the fenestrae are present), the SPB failed to become stably integrated into this opening. The presence of the fenestra might explain the ability of the cytoplasmic SPB to support short-lived bipolar spindles by nucleating or stabilizing microtubules through the nuclear envelope, although in this preparation we are unable to visualize microtubules directly. SPB2 also appears to be associated with a large nuclear envelope bleb (Fig. 3G) ; this structure might be the basis for nuclear envelope blebs observed in kms2 DAmP cells in the light microscope during anaphase (Fig. 3D , time-point 28). These defects are reminiscent of those seen in cells harboring mutated alleles of established mitotic SPB components such as Cut11 and Cut12 (Tallada et al., 2009; West et al., 1998) .
Kms2 interacts biochemically with components of the SPB
Kms2 appears to be poised to couple SPB components to the nuclear envelope. Kms2 is predicted to have at least three domains: an N-terminal EF-hand that is also present in the related KASH protein Kms1, a Kms2-specific coiled-coil middle domain and the C-terminal KASH domain that includes a transmembrane helix (Fig. 4A) . Because of the significant challenges in maintaining protein-protein interactions while extracting the Fig. 4 . Kms2 interacts physically and genetically with SPB components. (A) Schematic of the Kms2 domain structure. An N-terminal EF-hand [amino acids (aa) 1-95; purple] is followed by a middle domain predicted to contain an extended coiled-coil domain (amino acids 96-384; green) and the KASH domain at the C-terminus, which also contains a transmembrane segment (TM; 385-457). (B) S. pombe proteins are specifically enriched on GST-Kms2 aa 1-95 beads. Recombinant GST-Kms2 fragment aa 1-95 or GST alone was immobilized on glutathione beads and incubated with a cryolysate. Interacting proteins were subjected to SDS-PAGE and Coomassie Blue staining. The bracket indicates the region excised for mass spectrometry. (C) The GST-Kms2 aa 1-95 domain interacts with the SPB components Pcp1 and Cut12. The experimental set-up was as described in B, except the cryolysates contained Cut12-CFP and Pcp1-GFP. Interacting proteins were subjected to SDS-PAGE followed by immunoblotting using an anti-GFP antibody. The asterisk indicates a non-specific band. (D) kms2 DAmP is synthetically lethal with the pcp1-18 allele. Three examples of tetratypes arising from a cross of kms2 DAmP and pcp1-18 incubated at the permissive temperature of 25˚C. Genotypes are indicated by the legend on the left. The combination of the kms2 DAmP and pcp1-18 alleles is lethal (n58). (E,F) kms2 DAmP has a weaker synthetic effect on the pcp1-15 allele, whereas deletion of Kms1 suppresses pcp1-18. Genetic interactions between kms2 DAmP and pcp1-15 (E) or kms1D and pcp1-18 (F). Cells were grown at 25˚C in YE5S, serially diluted tenfold, spotted onto YE5S plates and incubated at 25˚C (5 days) or 36˚C (2 days). (G) kms2 DAmP enhances the nda3 KM311 allele at the permissive temperature. Cells were grown at 30˚C in YE5S, serially diluted tenfold, spotted onto YE5S plates and incubated at 25˚C (5 days) or 30˚C (3 days).
full-length Kms2, which is an SPB-associated membrane protein, we turned to identifying protein interactors of soluble recombinant Kms2 fragments, focusing on the regions of Kms2 that face the cytoplasm.
We expressed a GST-fusion of Kms2 amino acids 1-95 as a bait to isolate interacting proteins from S. pombe cryolysates. By Coomassie Blue staining, we observed several specific bands in pulldowns with GST-Kms2 (amino acids 1-95) that were not enriched on beads coupled to GST alone (Fig. 4B) . The entire lane was cut into slices and proteins were identified by mass spectrometry. Focusing specifically on proteins known to be enriched at the nuclear envelope and/or SPB region, we found established constitutive components of the SPB, including Pcp1 and Cut12; these factors were excellent candidates for associating with Kms2 because they are both reported to be biased on the nuclear-envelope-proximal aspect of the SPB (supplementary material Table S1 ; Bridge et al., 1998; Flory et al., 2002) . Using cryolysates derived from a strain expressing Cut12-CFP and Pcp1-GFP, we confirmed that Pcp1-GFP and Cut12-CFP were highly enriched on GST-Kms2 (amino acids 1-95) beads (Fig. 4C ).
Kms2 genetically interacts with Pcp1
Cells harboring temperature-sensitive alleles of Pcp1, pcp1-15 and pcp1-18, display mitotic defects similar to kms2 DAmP cells (Fong et al., 2010) . Because Kms2 is a multi-copy suppressor of the pcp1-18 allele (Fong et al., 2010) , we predicted that the loss of Kms2 might enhance the pcp1 alleles. Indeed, the combination of the kms2 DAmP and pcp1-18 alleles is lethal at the permissive temperature of 25˚C (Fig. 4D) . kms2 DAmP has a milder synthetic effect on the pcp1-15 allele, consistent with the inability of Kms2 overexpression to suppress this allele ( Fig. 4E ; Fong et al., 2010) . Strikingly, the deletion of the second KASH protein in S. pombe, Kms1, suppresses pcp1-18 lethality at 36˚C (Fig. 4F ). This pattern of genetic interactions (enhancement by kms2 and suppression by kms1) is similar to those seen for an allele of brr6 that compromises mitotic SPB insertion into the nuclear envelope (Tamm et al., 2011) . These findings suggest that Kms1 cannot functionally compensate for Kms2. Lastly, the kms2 DAmP allele potentiates the growth defect of an allele of b-tubulin, nda3 KM311, at the permissive temperature of 30˚C (Fig. 4G ), consistent with a role in supporting mitotic spindle formation.
New Pcp1 is incorporated into the daughter SPB shortly before SPB separation
We wanted to further investigate whether the loss of Kms2 impacted on the localization or dynamics of Pcp1 and/or Cut12. We were intrigued by an observation that the relative intensities of Pcp1-GFP and Sad1-mCherry fluctuated in an asynchronous culture (Fig. 5A ). Based on cell morphology, we binned cells into approximate cell-cycle groups (Fig. 5A , lower panels) and analyzed the ratio of fluorescence intensity of Pcp1 to Sad1 in the assigned bins. Setting this value to 1 at mitosis, this analysis revealed that each cell cycle bin had a characteristic ratio of Pcp1 to Sad1, suggesting that these factors might be recruited to the SPB in different waves (Fig. 5B) . To investigate this phenomenon more precisely, we looked at the dynamics of Pcp1-GFP and Sad1-mCherry throughout two cell divisions (Fig. 5C) . We observed that a burst of Pcp1-GFP incorporation occurs at 4 min before SPB separation (Fig. 5C,D, t524,  asterisk) , consistent with studies in HeLa cells in which pericentrin levels were found to be highest at the centrosome at mitotic entry (Zimmerman et al., 2004) . Prior to the next SPB separation, we detected a second burst of Pcp1 incorporation (t5234, asterisk). The rapidity of this burst of Pcp1 incorporation before mitosis suggests that Pcp1 recruitment is from a preexisting soluble pool rather than being driven by a peak in new synthesis of Pcp1. Consistent with this idea, neither the Pcp1 transcript nor protein levels have been reported to be linked to the cell cycle (Marguerat et al., 2012; Rustici et al., 2004) . In contrast to Pcp1-GFP, Sad1 incorporation did not appear to increase prior to mitosis ( Fig. 5D; supplementary material Fig. S1B ).
To better understand the dynamics of Pcp1 incorporation, we photobleached Pcp1-GFP at the SPB during interphase and measured the recovery of fluorescence over time (Fig. 5E) . Interestingly, there was essentially no recovery of Pcp1-GFP at the SPB during G2 (,30 min before mitotic entry), suggesting that Pcp1 does not exchange with a soluble pool during this time. Consistent with the burst seen in Fig. 5C ,D, Pcp1-GFP rapidly recovered from ,4 min before SPB separation, with its maximum at t50 (SPB separation; Fig. 5E,F) . Remarkably, at SPB separation, one SPB was brighter than the other, suggesting an asymmetric accumulation of the newly-recruited Pcp1-GFP at the daughter SPB. To test whether this was the case, we monitored the septation initiation network (SIN)-kinase Cdc7, which localizes specifically to the daughter SPB in anaphase B (Grallert et al., 2004; Sohrmann et al., 1998) . In the ten times that we performed this experiment, Cdc7-mCherry always localized to the SPB with the higher intensity of Pcp1-GFP. Taken together, these results suggest that the burst of Pcp1 incorporation at mitotic entry occurs primarily at the daughter SPB (Fig. 5G ).
Plo1 recruitment precedes that of Pcp1 and is required for Pcp1 phosphorylation
To begin to unravel the molecular mechanisms controlling the burst of Pcp1 recruitment, we considered that the Polo kinase Plo1 is first detected at the SPB ,30 min before mitotic entry and this is considered as the start of mitotic commitment; Plo1 further accumulates strongly at the SPB just prior to bipolar spindle formation (Bähler et al., 1998a; Mulvihill et al., 1999) . Given this information, we wondered whether Plo1 might regulate the burst of Pcp1 recruitment before SPB separation. At ,6 min before SPB separation (time of initial recruitment (t i )526.061.1 min, n539 cells; mean6s.d.), Plo1-mCherry started to accumulate rapidly at the SPB, whereas Pcp1-GFP began to accumulate later (t i 523.961.1 min, n534 cells, Fig. 6A,B) . Thus, Plo1 recruitment precedes the initiation of Pcp1 incorporation, after which both proteins rapidly accumulate until SPB separation.
The temporal recruitment of Plo1 to the SPB, followed by the burst of Pcp1 incorporation, suggested that Plo1 might stimulate Pcp1 incorporation during SPB remodeling. Consistent with this possibility, a temperature-sensitive allele of Plo1 that disrupts its catalytic activity, plo1-24C, displayed severe spindle assembly defects comparable to those seen in cells harboring the pcp1-18 and kms2 DAmP alleles (Bähler et al., 1998a) . Upon shifting the plo1-24C cells to the non-permissive temperature of 36˚C, ,45% of the cells that entered mitosis had SSP and proceeded through mitosis with a delay, and an additional 15% completely failed to assemble a bipolar spindle, resulting in apparent MPS (supplementary material Fig. S3A,B) . To investigate the possibility that Pcp1 is phosphorylated in mitosis, we extracted Pcp1-HA from cells that had been arrested using the b-tubulin nda3 KM311 allele. We observed an apparent mobility shift of Fluorescence micrographs of an asynchronous cell culture expressing Pcp1-GFP and Sad1-mCherry. Cells were binned into approximate cell-cycle specific groups -mid/late G2 phase (1), mitosis (2), G1/S phase (3) and early G2 (4). Images are an average intensity projection (18 Z-sections with 0.3-mm spacing). (B) Quantification of the Pcp1:Sad1 ratio of the bins assigned in A. The ratio of fluorescence intensity of Pcp1-GFP:Sad1-mCherry at the SPB of mitotic cells (group 2) was set to 1. Data show the mean6s.e.m. (.80 cells in each group); ***P50.0002, ****P,0.0001 (unpaired two-tailed Student's t-test). (C) A burst of Pcp1 incorporation into the SPBs occurs just before mitotic division. Representative time-lapse fluorescence micrographs over two cell divisions. Pcp1-GFP (green) and Sad1-mCherry (red) were visualized as average intensity projections (ten Z-sections with 0.5-mm spacing) over the course of 240 min at 2-min intervals. Asterisks indicate bursts. (D) Quantification of the fluorescence intensity of the time-lapse experiment shown in C. Fluorescence intensity at the SPB of one cell expressing Pcp1-GFP (blue line) and Sad1-mCherry (red line) is shown. t50 represents the first SPB separation, after which time the upper SPB was analyzed. Asterisks indicate the bursts at G2/M. A.U., arbitrary units. (E) The burst of Pcp1 incorporation before mitotic division occurs primarily at the daughter SPB. Fluorescence recovery after photobleaching of a G2 cell expressing Pcp1-GFP that enters mitosis. The interphase SPB was bleached after the first image. Cdc7-mCherry, a marker of the daughter SPB in anaphase B, was clearly visible at time-point t516 (red circle). The cell was monitored every minute; images are an average intensity projection (12 Z-sections with 0.5-mm spacing). Cell outlines are indicated by dashed white lines. (F) Quantification of Pcp1-GFP recovery at the bleached SPB in E. The fluorescence of Pcp1-GFP at the SPB before the bleach was set to 100%. After SPB separation, the blue line represents the daughter SPB, whereas the red line is the mother SPB. Ten out of ten times, Cdc7-mCherry was at the SPB that displayed greater recovery of Pcp1-GFP. (G) A model of the Pcp1-GFP bleach experiment. After bleaching the interphase SPB, recovery of Pcp1 is not observed until 4 min before SPB separation, with the majority of new Pcp1 incorporated into the daughter (d) SPB. After separation, the daughter SPB contains mostly new detectable Pcp1-GFP, whereas the mother (M) SPB contains primarily older bleached Pcp1-GFP. Scale bars: 5 mm. t50 is set to 100% fluorescence intensity. t i , t initial (statistics are given in the text; see also Fig. 3 ). (C,D) Plo1 activity is required for Pcp1 phosphorylation at mitosis. Immunoblot of Pcp1-HA from mitotically arrested cells harboring either the nda3 KM311, plo1-24C or nda3 KM311/plo1.as8 alleles, as indicated. l-phosphatase (PPase) was added as indicated. P-Pcp1-HA, phosphorylated Pcp1-HA. (E) Pcp1 incorporation is affected by loss of Plo1 function. Time-lapse images of Pcp1-GFP (green) and mCherry-Atb2 (red) in a wild-type or plo1-24C cell. Both strains were grown at 30˚C and then shifted to 36˚C for 90 min before imaging. Images were taken every minute and are shown as average intensity projections (ten Z-sections with 0.5-mm spacing). Cell outlines are indicated by dashed white lines. Scale bars: 5 mm. (F) After division, the intensity of Pcp1 at the SPBs is asymmetric in plo1-24C cells. Quantification of the time-lapse experiments shown in E. Fluorescence intensity of Pcp1-GFP in the single wild-type (upper graph) or plo1-24C-mutant (lower graph) cell was measured. The intensity of the SPBs circled in blue (SPB1) and red (SPB2) indicated at t51 are plotted. A.U., arbitrary units. (G) Quantification of the unequal distribution of Pcp1-GFP at SPB1 and SPB2 after division from a population of cells imaged as in E. The graph shows the ratio of Pcp1-GFP fluorescence intensities of SPB2:SPB1 in wild-type and plo1-24C cells or plo1.as8 cells in the absence or presence of the inhibitor 3-BrB-PP1 (each group contains .20 cells), with the less intense SPB assigned as SPB2. (H) Less Pcp1 is associated with the SPB both during interphase and at SPB separation in plo1-24C cells. Quantification of Pcp1-GFP fluorescence intensity of interphase SPBs and SPBs just prior to division in wild-type and plo1-24C cells (n.30). All box and whiskers plots as in 1C. **P50.0061, ****P,0.0001 (unpaired two-tailed Student's t-test using Welch's correction when necessary).
Pcp1-HA by SDS-PAGE and immunoblotting after extraction from nda3 KM311 cells at the non-permissive temperature (Fig. 6C) . This slower-migrating species could be resolved by the addition of l-phosphatase, suggesting that it resulted from the mitotic-specific phosphorylation of Pcp1. We then compared this result with results derived from the use of Pcp1-HA extracted from mitotically-arrested cells harboring the plo1-24C allele; in this case we could not observe the phosphorylated form of Pcp1-HA, suggesting that the phosphorylation of Pcp1 at mitotic entry is dependent on Plo1. Using an alternative approach, we also see a loss of mitotic Pcp1 phosphorylation in arrested nda3 KM311/ plo1.as8 cells when we inhibit the Plo1 activity of this 3-BrB-PP1-sensitive allele of Plo1 (Grallert et al., 2013b) (Fig. 6D) . Furthermore, the inhibited plo1.as8 allele led to similar mitotic defects to those observed in cells harboring the plo1-24C allele (supplementary material Fig. S3F ). These data support a model in which Plo1 recruitment to the SPB occurs upstream of Pcp1 phosphorylation and recruitment, although it is possible that another Plo1-activated kinase directly phosphorylates Pcp1.
Loss of Plo1 activity leads to slower, reduced and unequal incorporation of Pcp1
To investigate the function of Plo1-dependent Pcp1 phosphorylation just before SPB separation, we monitored Pcp1-GFP in wild-type and plo1-24C cells at mitotic entry. In plo1-24C cells, like kms2 DAmP cells, SPB separation was delayed with respect to the loss of cytoplasmic microtubules (supplementary material Fig. S3D ,E; gray bar). Simultaneously, the duration of Pcp1-GFP recruitment to the SPB was extended in the absence of Plo1 activity (supplementary material Fig. S3E , black bar; Fig. S3G ). In the population of plo1-24C cells that retained sufficient activity to enter mitosis, we noticed an unequal distribution of Pcp1-GFP at the two SPBs upon separation ( Fig. 6E,F ; blue circle, SPB1; red circle, SPB2). Taking the ratio of fluorescence intensities of SPB2:SPB1 from a larger sample of cells (n520) further supported this observation (Fig. 6G) . We observed the same trend when we repeated this analysis using the plo1.as8 allele, which allows for specific inhibition of kinase activity in the presence of 3-BrbB-PP1 (Fig. 6G) . Such an asymmetric effect is not seen for Sad1 (supplementary material Fig. S3C) . Furthermore, the maximum fluorescence intensities of Pcp1-GFP even at SPB separation were extremely reduced when compared with those of wild-type cells (Fig. 6F , plo1-24C graph; Fig. 6H ), which might contribute to the frequently observed SSP phenotype in plo1-24C cells (supplementary material Fig.  S3A,B) . This same trend was observed in cells harboring the plo1.as8 allele in the presence of 3-BrB-PP1 (supplementary material Fig. S3H ). Interestingly, interphase SPBs also contained lower amounts of Pcp1 (Fig. 6H) , although this was not observed in cells carrying the inhibited plo1.as8 allele, suggesting that this defect might accumulate over multiple cell cycles (supplementary material Fig. S3I ). Taken together, these observations suggest that Plo1 activity is required for Pcp1 incorporation during mitotic SPB remodeling.
Cut12 incorporation requires Plo1 but is symmetric
We were curious whether the behaviors that we observe for Pcp1 were unique or common to other components of the SPB that associate with Kms2, such as Cut12. Cut12 is a mitotic substrate of the NIMA kinase Fin1, and an allele of Cut12 (cut12.s11) can override the cdc25-22 allele by enhancing Plo1 recruitment and activity during mitotic entry (Grallert et al., 2013a) . Measuring the intensity of Cut12-GFP in wild-type cells revealed that there is also a burst of Cut12 recruitment prior to SPB separation, whereas Sad1 levels remain constant (Fig. 7A,B) . However, photobleaching revealed that Cut12-GFP molecules exchange with a soluble pool to a greater extent than do molecules of Pcp1-GFP during G2, as indicated by a steady recovery after photobleaching prior to an increase in the rate of recovery in the burst stage ( Fig. 7C; supplementary material Fig. S4A ). In addition, the intensity of Cut12-GFP at the two SPBs after SPB separation was equal when measured after fluorescence recovery after photobleaching (FRAP) (Fig. 7C) , consistent with the ability of Cut12 molecules to exchange. Interestingly, we found that the intensity of Cut12-GFP at the SPB at the time-points of microtubule depolymerization or SPB separation in plo1-24C cells was reduced in a fashion similar to that of Pcp1 ( Fig. 7D ; representative time lapse in supplementary material Fig. S4B) ; this also correlates with an increase in the t i for Cut12 recruitment prior to SPB separation ( Fig. 7E; supplementary material Fig.  S4B ). However, consistent with the FRAP results, Cut12-GFP was found to be equally intense at both SPBs after SPB separation in plo1-24C cells, again suggesting that Cut12 molecules exchange between mother and daughter SPBs even in the absence of Plo1 activity (Fig. 7F) . Thus, although Cut12 undergoes rapid recruitment prior to mitosis that is dependent on Plo1 activity, newly incorporated Cut12 appears to be dispersed equally between the mother and daughter SPBs. Furthermore, based on our observations, we can begin to place the initiation of the recruitment burst for Plo1, Cut12, Pcp1 and Cut11 at mitotic entry into a temporal context, which is reflected in the t i values for each factor in wild-type cells (Fig. 7G) .
Depletion of Kms2 abrogates coordinated recruitment of Plo1 and SPB proteins
We next investigated whether Kms2 contributes to the coordination of Pcp1, Cut12, Cut11 and Plo1 recruitment at mitotic entry. Using GST-pulldowns, we found that Plo1-GFP associates with both the GST-Kms2 (amino acids 1-95) fragment, as well as a more central fragment of Kms2 that is predicted to contain coiled-coil domains (amino acids 96-270; Fig. 8A ). We therefore investigated the recruitment of Plo1-GFP to the SPB at mitotic entry in kms2 DAmP cells (Fig. 8B-D) . Although the timing of Plo1 recruitment with respect to microtubule depolymerization was not statistically different between wild-type and kms2 DAmP cells (25.160.8 min compared to 25.561.4 min, respectively; mean6s.d., n.10 cells), at the time of cytoplasmic microtubule depolymerization the amount of accumulated Plo1-GFP at the SPB was significantly lower in kms2 DAmP cells (t50, Fig. 8B ,C,E), leading to a delay between t i and SPB separation (Fig. 8D) . However, at the time of delayed SPB separation ,5 min later, Plo1-GFP levels were equivalent to those of wild-type cells (Fig. 8B,C,E) . A similar effect was seen for Cut12-GFP recruitment (Fig. 8E) . By contrast, Pcp1 levels at SPB separation in kms2 DAmP cells were unexpectedly higher than in wild-type cells ( Fig. 8E; supplementary material Fig. S4C ). Taken together, these results suggest that kms2 DAmP cells that successfully separate their SPBs do so with normal levels of Plo1 and Cut12 and excess Pcp1. Interestingly, Cut11-GFP levels remain slightly but significantly lower at SPB separation than those seen in wild-type cells (Fig. 8E) . Thus, Kms2 affects the rate but not the extent of Plo1 recruitment to the SPB. Furthermore, Plo1 recruitment and potentially SPB insertion (as Fig. 7 . Plo1 activity influences a burst of symmetric Cut12 incorporation into the SPB at mitotic entry. (A,B) A burst of Cut12 incorporation into the SPBs occurs just before mitotic division. Representative time-lapse fluorescence micrographs. Cut12-GFP (green) and Sad1-mCherry (red) were visualized as average intensity projections (ten Z-sections with 0.5-mm spacing) over the course of 60 min at 2-min intervals. Cell outlines are indicated by dashed white lines. Scale bars: 5 mm. (B) Quantification of fluorescence intensity of the time-lapse experiment shown in A is plotted. Fluorescence intensity of Cut12 (green tones) and Sad1 (red tones) at the G2 SPB (squares) and SPB1 and SPB2 after division (circles) as indicated in the legend. t50 is set as the time of SPB separation. A.U., arbitrary units. (C) Cut12-GFP is dynamic during G2 and is inherited equally into both SPBs after division. Fluorescence recovery after photobleaching was carried out on a G2 cell expressing Cut12-GFP that enters mitosis. The fluorescence of Cut12-GFP at the SPB before the bleach was set to 100% and recovery at the bleached SPB is plotted. After SPB separation, the two SPBs have similar intensity (cyan and red traces). WT, wild type. (D,E) Incorporation of Cut12 at mitotic entry is dependent on Plo1 activity. (D) Less Cut12 is associated with the SPB both at microtubule depolymerization (MT depol) and SPB separation in plo1-24C cells. Quantification of Cut12-GFP fluorescence intensity in wild-type and plo1-24C cells (n.30). (E) Comparison of the time from the beginning of the burst until SPB separation (t initial) for the same wild-type and plo1-24C cells. (F) Cut12-GFP is found equally in both SPBs after division. Graph shows the ratio of fluorescence intensities of SPB2:SPB1 of Cut12-GFP in wild-type and plo1-24C cells (n.20). The SPB with the lower intensity is assigned as SPB2. (G) Summary of the timing of initial burst of recruitment for the indicated factors in wild-type cells. + indicates the mean. All box and whiskers plots are as described in 1C. *P,0.05; **P,0.01; ****P,0.0001; ns, not significant (unpaired two-tailed Student's t-test using Welch's correction when necessary).
reflected by Cut11 association), but not Pcp1 recruitment, appear limiting for SPB separation. Importantly, it is likely an exacerbation of these defects that underlies the complete failure of mitosis in the third of kms2 DAmP cells that arrest with MPS.
DISCUSSION
To ensure stable bipolar spindle formation and faithful chromosome segregation, SPB/centrosome biogenesis must be tightly coordinated with the cell cycle. Here, we characterize the temporal recruitment of the mitotic regulator Plo1 and the SPB components Pcp1, Cut12 and Cut11 to the SPB during a rapid period of SPB remodeling at mitotic entry. We demonstrate that Pcp1 phosphorylation, which requires Plo1 activity at the G2 to M transition, occurs concurrently with the incorporation of new Pcp1 into the daughter SPB. Cut12 accumulation is also dependent on Plo1 activity, but we suspect that this effect is likely indirect as we (and others) have found no evidence that Cut12 is, itself, a Plo1 substrate (Grallert et al., 2013a) . When cells enter into mitosis without undergoing this full remodeling step (reflected by lower levels of Pcp1 and Cut12 at SPB separation in the plo1-24C mutant) they are more likely to have defects in bipolar spindle formation and/or stability (supplementary material Fig. S3A,B,F) . Cells lacking Kms2 fail to properly coordinate the hallmark events of SPB remodeling at mitotic entry, which include Plo1 recruitment, SPB insertion and regulation of Pcp1 and Cut12 levels at mitotic SPBs. This leads to a delay in (and sometimes complete failure of) spindle formation and chromosome segregation, consistent with a role for Kms2 in ensuring that changes in the physical state of the SPB are appropriately coupled to mitotic entry.
Evidence for both dispersive and conservative aspects of SPB biogenesis
In mammalian cells, mother and daughter centrioles have been shown to be biochemically and functionally distinct (Piel et al., 2000; Piel et al., 2001) . Our data suggest that, in S. pombe, some molecules (such as Cut12) are incorporated symmetrically between mother and daughter SPBs, whereas others, like Pcp1, are incorporated asymmetrically, with new material being preferentially incorporated into the daughter SPB. These different behaviors are mirrored in the relative ability of these proteins to exchange in G2, with Cut12 but not Pcp1 capable of recovering fluorescence after photobleaching. Like Pcp1, the related budding yeast protein Spc110p was found to be dynamic Fig. 3C . (E) Less Plo1 and Cut12 are recruited at the time of microtubule depolymerization in kms2 DAmP cells, but the recruitment of these proteins reaches wild-type levels at SPB separation, whereas more Pcp1 and less Cut11 are incorporated at SPB separation. All box and whiskers plots are as described in 1C. ns, not significant; *P,0.05; **P,0.01; ***P,0.001 (unpaired two-tailed Student's t-test using Welch's correction when necessary).
only in G1 (nearly absent in the fission yeast cell cycle) and at the G2 to M transition (equivalent to this SPB remodeling phase; Yoder et al., 2003) . Indeed, the initial evidence for conservative SPB biogenesis comes from the observation of slow-folding fluorescent fusion proteins of Pcp1 in S. pombe or Spc42 in budding yeast (Grallert et al., 2004; Pereira et al., 2001) . Our data suggest that this behavior might be limited to a subset of SPB proteins. Thus, whereas maturation might be daughter-specific, the shuffling of individual dynamic SPB component protomers will result in an equal inheritance of new and old molecules for proteins such as Cut12. Interestingly, recent studies of SPB remodeling at meiotic prophase have revealed a concerted loss of Plo1, Cut12 and Pcp1; in this context, forced tethering of Plo1 to the SPB was sufficient to recruit Cut12 and Pcp1, whereas forced recruitment of either Cut12 or Pcp1 was sufficient to recruit the other but not Plo1 (Ohta et al., 2012) . These observations are consistent with the necessity of additional factors, one of which might be Kms2, to drive Plo1 recruitment at mitotic entry; furthermore, Plo1 recruitment is likely the key 'founding' event in triggering SPB remodeling. Interestingly, Kms1 is also required for normal meiotic prophase, suggesting that the KASH proteins might play discrete roles in meiosis and mitosis, as suggested by our genetic analysis (Fig. 4D,F ) (Shimanuki et al., 1997; Yoshida et al., 2013 ).
An asymmetric defect in SPB function
Our data suggest that a defect in SPB insertion and/or remodeling at mitotic entry leads to a defective daughter SPB that cannot nucleate or stabilize microtubules, resulting in a spindle phenotype that resembles MPS. However, it is important to note that, in many cases resulting in apparent MPS, the SPBs have successfully separated (that is, mother and daughter SPBs could likely form a transient spindle sufficient to drive the separation of SPBs along the nuclear envelope), but the daughter subsequently fails whereas the mother continues to stabilize microtubules; similar observations have been made in cells harboring alleles of Cut12 and Cut11 (Tallada et al., 2009) . Our work suggests that the maturation of the daughter SPB at mitotic entry might make it particularly sensitive to perturbations during the preceding cell cycle, which could then manifest as an asymmetric defect. Another possibility, which is not mutually exclusive, is that the mother SPB uniquely possesses redundant mechanisms to support microtubule stabilization. The ability of the kinetochores, which are associated with the inner aspect of the mother SPB, to contribute to microtubule stabilization offers one potential explanation (Appelgren et al., 2003; Fong et al., 2010; Funabiki et al., 1993) .
Conserved roles for Polo activity during centrosome maturation
Our observation that Plo1 activation is essential for the remodeling of the daughter SPB is consistent with the conserved roles for Polo and Aurora kinases in driving the maturation of centrosomes by the phosphorylation of PCM proteins (Barr et al., 2004; Glover et al., 1998; Hannak et al., 2001) . In HeLa cells, pericentrin and other PCM proteins are gathered at the centrosome in a PLK1-dependent but otherwise unknown manner (Lee and Rhee, 2011) . The relationship between Plo1 activity and Pcp1 dynamics suggested by our results could coordinate the timing and rate of PCM incorporation to define the extent of PCM accumulation. Consistent with this possibility, we see a greater than wild-type level of Pcp1 accumulation when Pcp1 recruitment is uncoupled from Plo1 levels at the SPB in kms2 DAmP cells (Fig. 8E) ; increased SPB size has also been seen in budding yeast cells expressing loss-of-function alleles of Ndc1 and Mps2 (Winey et al., 1991; Winey et al., 1993) or subjected to a prolonged mitotic arrest (O'Toole et al., 1997) . In addition, the observation that the loss of Plo1 activity specifically compromises the incorporation of Pcp1 into the daughter SPB suggests the possibility that temporal and spatial regulation of Polo kinase activity could drive asymmetry in PCM accumulation. Indeed, the asymmetric distribution of pericentrin to the mother and daughter centrioles has been observed in higher organisms such as flies (Januschke et al., 2013) , and the rate of incorporation of the Drosophila PCM protein Cnn regulates centrosome size (Conduit et al., 2010) .
Concluding remarks
Although mammalian cells undergo an open mitosis, the conservation of the SUN and KASH proteins suggests the possibility that they might also play a role in coordinating nuclear envelope remodeling with mitotic entry and centrosome biogenesis in higher eukaryotes. Indeed, it has recently been reported that SUN proteins are important for nuclear envelope breakdown in mammalian cells; defects in this remodeling lead to spindle defects and disorganized pericentrin (Turgay et al., 2014) . Furthermore, the finding that the Drosophila homologs of the PCM components Cnn, Sad1 and Kms2 are essential for nonrandom sister chromatid segregation during the asymmetric divisions of germ-line stem cells suggests that the ability to tie centrosome state with the nuclear interior could play important roles in specific developmental contexts (Yadlapalli and Yamashita, 2013) .
MATERIALS AND METHODS
S. pombe strain generation and culture conditions S. pombe strains are described in supplementary material Table S2 . Standard manipulations and cell culturing were carried out as described previously . C-terminal GFP or mCherry tagging was performed with the pFa6a-GFP-kanMX6 or pFa6a-mCherrykanMX6 cassette (Bähler et al., 1998b; Snaith et al., 2005) . Either pFa6a-kanMX6-nmt41-GFP, pFa6a-natMX6-nmt81-GFP or pFa6a-natMX6-nmt81-HA was used to tag Kms2 at the N-terminus as established previously (Bähler et al., 1998b) . Further repression was achieved by integrating a kanMX6 cassette after the stop codon to displace the 39-UTR (Muhlrad and Parker, 1999) . All strains generated by cassette integration were confirmed by PCR. After genetic crosses, progeny were tested by the segregation of markers, PCR or the presence of the relevant fluorescent protein fusion, as appropriate. S. pombe were grown at 30˚C, except when indicated otherwise. Strains carrying the kms2 DAmP allele were maintained on EMM5S plates. To repress the expression of Kms2, cells were grown either in EMM5S plus thiamine (5 mg/ml) or YE5S medium (Maundrell, 1990) . For imaging strains harboring the plo1.as8 allele, 3-BrB-PP1 (Toronto Research Chemicals) was added at the indicated concentration for 90 min prior to imaging.
Genetic interactions
Cultures were grown to saturation in YE5S medium. A tenfold dilution series was plated to YE5S and incubated at the indicated temperatures for 2-5 days. Plates were scanned either on a BioRad VersaDoc or Epson Perfection V600 scanner.
Microscopy and statistics
Cells were cultured to an OD 600 of 0.6-0.8 in YE5S medium containing 250 mg/l adenine except for the experiment presented in Fig. 1B , when cells were grown in EMM5S with or without thiamine, mounted on agarose pads (1.4% agarose in EMM) and sealed with VALAP (1:1:1, vaseline:lanolin:paraffin). plo1-24C descendants were shifted at an OD 600 of 0.6-0.8 to 36˚C for 1.5 h. Images were acquired on a Deltavision Widefield Deconvolution Microscope (Applied Precision/GE Healthcare) with an Evolve TM 512 EMCCD camera (Photometrics), with an incubation chamber set to the appropriate temperature, except for the cells in Fig. 1E , which were imaged on an AxioImager Z1 (Carl Zeiss). Imaging parameters for each experiment are indicated in the figure legends. Typically, a Z-stack of 5-mm thickness with single planes spaced by 0.5 mm was acquired and subsequently projected to a single image (average or maximum intensity projection, as indicated in Figure  legends) . Photobleaching was achieved with an argon laser targeted at the SPB after the first image was captured with a laser power of 40% and duration of 0.05 s. Images were analyzed and processed with FIJI (ImageJ 1.47q). t50 indicates the time-point at which SPBs first separate, except for Fig. 8B and supplementary material Figs S2C, S3E, in which t50 indicates the time-point at which cytoplasmic microtubules begin to depolymerize. Fluorescence intensities were measured by defining regions of interest around each SPB and subtracting the corresponding background. t initial is measured as the first time-point at which the fluorescence intensity undergoes a continual increase until SPB separation from the mean of the preceding ten time-points. If necessary, contrast was adjusted in Adobe Photoshop CS (version 8.0). Statistical significance was determined with multiple t-tests in Prism (version 6), using Welch's correction when applicable (for populations with statistically different s.d. values). The lower and upper sides of the box in the box and whisker plots display the first and third quartiles, respectively, and the band inside the box represents the second quartile (i.e. the median). The ends of the whiskers represent the minimum and maximum of all data. If shown, the mean is indicated by the plus symbol (+).
Minichromosome-loss assay
Wild-type and kms2 DAmP cells carrying the linear minichromosome Ch16 (Nimmo et al., 1994; Niwa et al., 1989; Niwa et al., 1986) were used to determine chromosome stability. Ch16 contains the ade6-M216 mutation that, together with the ade6-M210 allele at the endogenous locus, confers interallelic complementation and white colonies. Loss of the minichromosome in an ade6-M210 background leads to red colonies on YE plates containing minimal adenine (12 mg/l). The frequency of chromosome loss was calculated as described previously (Allshire et al., 1995) . Strains were streaked out onto EMM plates containing minimal adenine (12 mg/l) for 2 days and then inoculated into YE medium with minimal adenine (12 mg/l). Cells were harvested at an OD 600 of 0.6-0.8, serially diluted with water to 10,000 cells/ml and plated onto YE plates with 12 mg/l adenine. Colony number was determined after 5 days at 30˚C. A total of 8050 (wild-type) and 6340 (kms2 DAmP) cells were analyzed in three independent experiments.
Electron microscopy kms2 DAmP cells were grown in YE5S medium and processed as described previously (Wente and Blobel, 1993) . In short, 2610 8 cells were harvested at an OD 600 of 0.8, washed in phosphate-Mg buffer (40 mM K 2 HPO 4 -KH 2 PO 4 pH 6.5, 0.5 mM MgCl 2 ), resuspended in a final volume of 2 ml of fixative (2% glutaraldehyde, 2% formaldehyde in phosphate-Mg buffer) and incubated on ice for 30 min. Afterwards, cells were incubated in 10 ml of pre-treatment solution (100 mM Tris-HCl pH 9.4, 20 mM EDTA and 10 mM DTT) for 10 min. After washing with phosphate-citrate buffer (0.17 M KH 2 PO 4 , 30 mM NaC 6 H 5 O 7 ), cells were resuspended in 1 ml of phosphate-citrate buffer containing 0.38 mg/ ml Zymolyase 20T (MB Biomedicals), 0.5 mg/ml lysing enzymes (Sigma) and a 1:20 dilution of b-glucuronidase (MP Biomedicals) and incubated for 30 min at 30˚C with rotation. After washing in 0.1 M NaOAc pH 6.1, cells were osmicated, stained with 2% uranyl acetate, dehydrated and embedded in epon. Blocks were sectioned and collected on carbon-coated grids. Before imaging, sections were stained with uranyl acetate and lead citrate. Samples were imaged on a transmission electron microscope (Tecnai Biotwin; FEI) at 80 kV; images were obtained with a CCD camera (Morada).
Preparation of yeast cryolysates
Cells were harvested at an OD 600 of 0.6-0.8, collected by centrifugation and washed with water. The pellet was resuspended in 100 ml/g ice-cold freezing solution (20 mM HEPES pH 7.4, 1.2% polyvinylpyrrolidone and protease inhibitors) and frozen in liquid nitrogen as droplets. Complete cell lysis was achieved using a MM400 Retsch mill with a 20-mm ball and a 25-ml jar subjected to six cycles of 3 min each, followed by 3-5 min of chilling in liquid nitrogen. The resulting cryolysate powder was stored at 280˚C until further use.
Protein purification and binding studies
To obtain the GST-fusion fragments of Kms2, the coding sequences amino acids 1-95 or amino acids 96-270 were amplified by PCR from first-strand cDNA synthesis of S. pombe RNA and inserted into the BamHI-XmaI sites of pGEX-6P-1 (GE Healthcare Life Sciences). The GST-tagged Kms2 fragments and GST alone were expressed in BL21-DE3 upon induction with 1 M IPTG at 18˚C overnight. Pellets were resuspended in lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.05% NP-40, 1 mM DTT and protease inhibitors). Lysozyme was added to 0.67 mg/ml followed by incubating on ice for 10 min. The lysate was sonicated at power 3-4 for 10 s (Virsonic) and cleared by centrifugation at 30,000 g. 100 ml of glutathione-Sepharose (GE Healthcare Life Sciences), which had been equilibrated with lysis buffer, was incubated with the lysate for 1 h at 4˚C with rotation, and then washed three times with lysis buffer, followed by three wash steps with transport buffer (50 mM HEPES pH 7.4, 110 mM potassium acetate, 2 mM MgCl 2 , 0.1% Tween-20, 1 mM DTT and protease inhibitors). A total of 1 g of yeast cryolysate containing Plo1-GFP or Cut12-CFP and Pcp1-GFP was resuspended in 5 ml of transport buffer. The lysate was homogenized for 10 s using a Polytron homogenizer, incubated on ice for 10 min and then cleared by centrifugation at 5000 g. The supernatant was filtered through a 5-mm filter and desalted using two tandem 5-ml HiTrap desalting columns (GE Healthcare). The desalted lysate was added to the GSTcoated beads and incubated for 2 h at 4˚C with rotation. The beads were then washed three times with transport buffer. Bound proteins were eluted by using SDS sample buffer (25 mM Tris-HCl pH 6.8, 9 M urea, 1 mM EDTA, 1% SDS, 10% glycerol). Interacting proteins were separated by SDS-PAGE followed by immunoblotting.
Mass spectrometry
Samples for mass spectrometry were prepared as described above, except that after SDS-PAGE the gel was stained with Coomassie Blue G-250. Protein identification was carried out at the Proteomics Resource Center at Rockefeller University. Briefly, SDS-PAGE slices were reduced, alkylated and digested with trypsin. Released peptides were analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS). Data was analyzed using Mascot.
Preparation of total protein lysates for SDS-PAGE and immunoblotting
Cells were harvested at an OD 600 of 0.6-0.8, washed with 1 mM EDTA, resuspended in 2 M NaOH, and incubated on ice for 10 min followed by the addition of an equivalent volume of 50% trichloroacetic acid. Proteins were precipitated overnight, collected by centrifugation and washed with ice-cold acetone. Protein pellets were resuspended in 5% SDS and an equal amount of SDS sample buffer by sonication and incubation for 10 min at 37˚C. Samples were incubated for 5 min at 90˚C and subjected to SDS-PAGE, followed by immunoblotting. Primary rabbit anti-GFP (a gift of Michael P. Rout), anti-HA.11 mouse (Covance) or mouse antiactin (Abcam, ab8824) antibodies were diluted 1:5000 (GFP) or 1:1000 (HA, actin). HRP-conjugated secondary antibodies (Pierce) against the appropriate species were diluted 1:10,000. Chemiluminescence was detected on a BioRad VersaDoc.
Phosphorylation of Pcp1-HA
Strains were grown to an OD 600 of 0.4-0.6 and arrested at the G2 to M transition by shifting the temperature to either 20˚C for 8 h (nda3 KM311 Pcp1-HA derivatives) or 36˚C for 1.5 h (plo1-24C Pcp1-HA). For the plo1.as8 allele, 3-BrB-PP1 (Toronto Research Chemicals) was added at the indicated concentration during the nda3 KM311 arrest. Cell length was used as an indicator for successful mitotic arrest. Total protein samples were prepared by resuspending cells in 0.5% SDS and the correct amount of 46 Laemmli buffer (250 mM Tris-HCl pH 6.8, 8% SDS, 40% glycerol), followed by sonication. Samples subjected to dephosphorylation were resuspended in 0.5% SDS by sonication and diluted to a final concentration of 0.05% SDS in l-phosphatase buffer (New England Biolabs). Reaction conditions included 150 U of lphosphatase incubated at 30˚C for 30 min. The addition of 46 Laemmli sample buffer and incubation at 90˚C for 5 min stopped the reaction. All samples were subjected to SDS-PAGE followed by immunoblotting.
